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Abstract

Alumina is a widely used ceramic for tribological applications such as gears,
bushings, bearings, etc. due to its chemical and physical stability. However, the
friction between alumina-alumina is high, which reduces its usage for tribological
applications. To overcome the high friction, various solid lubricants can be added in
the alumina matrix that makes self-lubricating alumina composites. In this chapter,
mainly three categories of solid lubricants: soft material, lamellar solids, and other
materials (oxides, sulfates, etc.) used in alumina matrix are discussed. Mostly, these
solid lubricants form a tribo-layer at the interface between alumina composite and
counterpart and reduce friction. The amount of solid lubricants needs to be optimized
because the excessive amount can cause severe wear that can damage the dimen-
sional stability of the component. While discussing the suitable solid lubricants for
the alumina matrix, various synthesis techniques have also been highlighted because
synthesis techniques are critical to disperse the solid lubricants uniformly.
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7.1 Introduction

Ceramics are nonorganic solid material that consists of metal or nonmetal com-
pounds with ionic or covalent bonds. Ceramic materials contain a combination of
properties, including low density, resistance to chemicals, high wear resistance, and
stability for a wide temperature range. Due to these properties, structural ceramic
materials have the potential to be utilized in the tribological applications. These
structural ceramic materials have a wide range of compounds including oxides,
carbides, nitrides, and borides.

However, the major limitation of structural ceramics is the high coefficient of
friction (COF) for tribological applications. Self-lubricating ceramic composites
have suitable tribological properties, especially for high-temperature applications,
where a lubricious layer of solid lubricant (SL) materials forms at the interface
during sliding that can significantly reduce the energy loss due to friction. Interest-
ingly, some oxide ceramics act as SL materials that can be added in the ceramics to
form self-lubricating ceramic composites. These solid lubricating oxide materials are
listed in Table 7.1.

The self-lubrication performance of ceramic composites depends on the forma-
tion of transfer film of SL at the interface. The transfer film formation is controlled
by many factors including volume/weight fraction of SL (inclusion), mechanical
properties of the SL, and operating conditions of tribo-contact. For example, the
higher transfer film thickness is expected by increasing the volume fraction of SL or
by choosing the softer solid particles as predicted by a mathematical model for
3 mol% yttria-doped zirconia (3Y-TZP) [1]. In this model, fair assumptions were
taken by considering the elastic deformation of the matrix whereas graphite deforms
plastically to de-bond with the matrix and form the transfer layer. The predicted
transfer layer thickness by varying the volume fraction and considering the variation
in yield strength of the SL phase (inclusions) are shown in Fig. 7.1. However, the
SLs in the ceramic matrix can only be loaded up to a critical amount. The critical
amount of the SL phase in the ceramic matrix can be evaluated by friction perfor-
mance along with wear rate/volume, mechanical strength, and other required prop-
erties of the composites. Experimentally, Xue et al. [2] observed that 24.4 vol%
graphite content in the ZrO2 (Y2O3 mol%) reduced COF from 0.56 to 0.29 against
GCr15 steel whereas the wear increased from 5.8 � 10�6 to 8 � 10�5 mm3m�1.
Therefore, it is essential to optimize the SL amount in the matrix based on other
required properties.

Table 7.1 Categories of SL materials

Soft materials Lamellar solids
Organic
polymers

Other compounds (oxides, sulfates,
and phosphates)

Bi, Ag, Cu, Sn, In,
Pb, CaF2, BaF2, PbS

MoS2, WS2,
h-BN,
graphite.

PTFE,
nylon,
waxes

TiB2, B2O3, MoO2, MoO3, ZnO2,
Re2O7, TiO2, Ag2O, CuO, BaSO4
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This chapter reviews the studies on tribological performance of Al2O3 matrix
self-lubricating composites. Alumina is the most common ceramic materials which
employed at high temperature for various applications due to its high-temperature
stability, lower density, high hardness, and being chemically inert. The physical and
mechanical properties of the alumina are listed in Table 7.2. However, the friction
and wear performance of alumina is poor under the dry sliding condition that limits
the applicability for tribological applications. To overcome the poor tribological
performance of alumina, coatings of SLs materials have been provided, such as
polytetrafluoroethylene (PTFE) [3], Ag [4, 5], TiB2 [6–8], etc. Coating of these SL
materials provides lower friction, whereas hard alumina base acts as a wear-
resistance substrate to support the soft and shearing SL phases. This chapter is
focused on understanding the tribological performance of alumina composite
reinforced with SLs rather than the coating of SL materials.

In this chapter, the sections are divided based on the different categories of SLs
described in Table 7.1 which are soft material, lamellar solids, and other compounds
(oxides and sulfates). The organic polymers are excluded because these have not
been used widely as a lubricating material in Al2O3 matrix. On the contrary, alumina
has been used as a reinforcement material in polymers [10–13]. The feasibility of the
various SLs from the rest three categories in Al2O3 matrix at different working
conditions is evaluated by understanding the mechanism. Often, SLs, in combination

Fig. 7.1 Predicted transfer layer thickness for ceramic composite using a model [1]

Table 7.2 Properties of
Al2O3 ceramic [9]

Properties Value

Density 3.95 g/cm3

Melting point 2050 �C
Yield strength 455 MPa

Elastic modulus 380 GPA

Thermal conductivity 40 W/m.K

Coefficient of thermal expansion 8.0 � 10�6/�C
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with different categories, are used for superior lubrication. Such studies have been
assigned to subsections based on the most effective SL observed in the study.

7.2 Soft Materials

CaF2 is the most common soft SL material, which is often used as SL in ceramic
matrix composites. The Al2O3-CaF2 composites can be synthesized by different
methods. For example, the laser-cladded Al2O3-30 wt% CaF2 coating on Al2O3

showed improved friction and wear properties compared to monolithic laser-cladded
Al2O3 [14]. The Al2O3 showed a COF of 0.6, whereas the composite showed COF of
0.48 when tested against hardened steel on the pin-on-wheel test setup with a normal
load of 98 N at room temperature. The composite showed 40 times lesser wear
compared to monolithic laser-cladded Al2O3. The improved tribological perfor-
mance was observed due to uniform distribution of the soft spherical CaF2 phase
in the plate-like framework of Al2O3 phase. The lower amount of CaF2 (3 wt%) was
also observed to improve tribological properties of Al2O3-ZrO2 (15 wt%) composite
prepared by the plasma spray method [15]. The COF was reduced upto 40%. Also,
the observed wear rate was four times lower at 20 N as compared with those of
composites without CaF2. In this study, 3 mol% Y2O3-stabilized ZrO2 was added in
Al2O3 matrix, which forms eutectic ceramic composites, and it is well known to
improve the mechanical properties of Al2O3 [16–18].

Similar to CaF2, BaF2 and SrF2 are also considered a soft phase that can act as
SLs. Murakami et al. [19] investigated the three different composites: Al2O3–
31BaF2–19CaF2, Al2O3–50CaF2, and Al2O3–50SrF2 (mass %) that were synthe-
sized by spark plasma sintering and tested at 600 �C against alumina ball with a
normal load of 4.9 N. Among all the composites, Al2O3–31BaF2–19CaF2 showed
the best tribological performance with 0.3–0.4 COF and wear rate of the composite
was 0.8 � 10�5 mm3/N.m. The Al2O3–31BaF2–19CaF2 composite also showed
4 GPa of microhardness that is two times higher than the hardness of other alumina
composites. The SL phases provided lower friction and wear but also resulted in
finer microstructure that improves hardness. This suggests that the combination of
SL phases in the alumina matrix can outperform a single SL.

Secondary hard phases such as ZrO2, TiC, SiC, and TiN, etc. have also been
added in the alumina matrix along with SL materials. The purpose of secondary hard
phases is to strengthen the composite by whisker, precipitate, and dispersion
strengthening. For example, Al2O3/TiC composite with CaF2 showed improved
tribological and mechanical properties [20]. These composites were prepared by
hot pressing at 36 MPa in N2 atmosphere for 15 min at 1700 �C. The composition
and properties of the composites are listed in Table 7.3. Table 7.3 indicates that the
mechanical properties (flexure strength and hardness) deteriorated with the addition
of SL CaF2, whereas the COF and wear rate reduced till 10 vol% of CaF2. Therefore,
Al2O3/TiC/15%CaF2 composite provides optimized mechanical and tribological
properties. In this work, properties were not compared with respect to monolithic
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Al2O3. However, TiC is expected to enhance the mechanical properties of Al2O3,

whereas CaF2 provided self-lubrication.

7.3 Lamellar Solids

Carbonaceous material such as graphite, graphene, and carbon nanotubes (CNTs)
have been extensively studied for tribological applications due to their lamellar
structure [21–26]. These carbonaceous materials have also been utilized in the
alumina matrix. Bagde et al. [27] studied Al2O3-13TiO2-15% Ni-graphite coatings
deposited by plasma spray. The tribological tests were carried out against 21 and
36 μm SiC papers. The observed friction and wear results are shown in Fig. 7.2a, b,
respectively. It can be seen that the addition of Ni-graphite reduced the COF at all the
loads against both the SiC papers. The effect of Ni-graphite is higher on the wear rate
as it reduced by 1.5–2 times. A similar effect of Ni-graphite on the Al2O3-SiO2

plasma sprayed coating was observed where graphitic lubricating layers reduced
friction at the interface, and the ceramic matrix worked as a load-bearing
element [28].

Similar to graphite, graphene has also been found to form tribo-layer during
sliding in Al2O3-graphene composites [29, 30]. Al2O3-0.22 wt% graphene compos-
ites were prepared by spark plasma sintering at 80 MPa and 1500 �C [29]. The
tribological tests against Al2O3 ball at 20 N showed ~10% and 50% decrease in COF
and wear rate for graphene composite with respect to pure Al2O3 sample. The
formation of a uniform tribo-layer of graphene was observed by Zhang et al. in
Al2O3-graphene nanoplatelet composite synthesized by spark plasma sintering
[30]. The authors observed optimum tribological performance with 0.5 vol%
graphene nanoplatelet with 65 and 25% decrease in wear volume and friction
coefficient, respectively, with respect to pure Al2O3. Graphene content higher than
the optimum amount showed higher wear. Graphene oxide, which contains oxygen-
carrying groups such as -OH, -COOH, etc., on the edges of graphene sheets [23], has
also been found effective to improve the tribological performance of Al2O3. Al2O3-
graphene oxide composite synthesized by spark plasma sintering resulted in five
times lower wear compared to monolithic alumina tested against alumina ball at
10 N normal load [31]. However, a detailed study on graphene and graphene oxide-
Al2O3 composite suggests that unoxidized graphene provides superior mechanical
properties than the graphene oxide and reduced graphene oxide [32]. It is due to the

Table 7.3 Mechanical and tribological properties of Al2O3/TiC/CaF2 composites

Composition (vol%) Al2O3:
TiC ¼ 1:1

Flexure strength
(MPa)

Hardness
(GPa) COF

Wear rate
(10�5 mm3/N.m)

Al2O3 + TiC 800 20 0.47 2.7

Al2O3 + TiC + 5% CaF2 478 13.2 0.31 2.5

Al2O3 + TiC + 10% CaF2 590 15.3 0.27 1.8

Al2O3 + TiC + 15% CaF2 418 9.6 0.30 3.5
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presence of structural defects in graphene oxide and reduced graphene oxide that can
deteriorate the mechanical properties of the composite. The wear and friction data of
Al2O3-unoxidized graphene is shown in Fig. 7.3, where unoxidized graphene is
denoted by EG and LPS denotes liquid phase sintering. It can be seen that the wear
rate of the graphene-containing composite reduced by one order of magnitude and
friction was reduced by 15–20% compared to pure Al2O3. Other than the tribological
properties, the addition of graphene in Al2O3 matrix led to the improvement in
mechanical [33–35] and different functional properties [36, 37].

The other attractive carbonaceous material is carbon nanotubes (CNTs). CNTs
have also been employed in the Al2O3 matrix. Al2O3-CNTs composite synthesized
by hot pressing at 1800 �C under 40 MPa. The Al2O3-CNTs composite showed
improved mechanical and tribological performance as compared to pure Al2O3
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[38]. The effect of CNTs concentration on the microhardness of the composites is
shown in Fig. 7.4a. The highest microhardness was observed for 4 wt% CNTs in the
alumina matrix. Any further addition of CNTs led to a reduction in hardness due to
inhomogeneous dispersion of CNTs. The tribological tests were carried out using
silicon nitride ball as a counterpart at 25 N and 10 mm/s sliding velocity. Figure 7.4b
shows the variation in COF and wear with respect to CNTs content. It can be seen
that the Al2O3-CNTs composite with 4 wt% yielded least wear loss with COF of
0.43. The composite with 12.5% CNTs provided the lowest COF of 0.3 but higher
wear rate, which is more than two times of pure alumina. Similar behavior was also
observed by Lim et al. who showed an increase in wear rate with CNTs content for
hot-pressed Al2O3-CNTs composite (Fig. 7.5a) [39]. The authors also prepared the
composite by tape casting other than hot pressing. In tape casting, the ceramic slurry
was cast in thin layers followed by drying. These layers were laminated by hot
pressing. The resulted composite showed a reduction in wear loss with the increase
in CNTs content while maintaining the same friction coefficient (Fig. 7.5a, b). In this
study, the tribological tests were performed against silicon nitride ball at 25 N load
with 10 mm/s sliding speed. The tape casting method allowed to disperse higher
amount of CNTs in alumina to achieve superior tribological and mechanical
properties.

The other lamellar SLs are MoS2, BN which have been used as reinforcements in
various metallic and ceramic materials, including alumina. For example, Su et al.
[40] prepared the Al2O3/MoS2 composite by in situ syntheses of MoS2 in the porous
Al2O3 matrix. The porous Al2O3 matrix was developed by sintering the green body
made of Al2O3 and graphite (10 vol%), the graphite oxidized during sintering in air

Fig. 7.3 Wear rate and COF for Al2O3-unoxidized graphene (EG) tested against WC ball at 25 N
with 10 cm/s sliding speed for 2000 m [32]
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and led to formation of pores. After sintering, the porous sample was immersed in a
solution that consists of sodium molybdate, thiourea, and deionized water under
vacuum. After vacuum infusion, the porous samples immersed in solution were
heated at 220 �C in stainless steel autoclave for 56 h. This hydrothermal process led
to the formation of MoS2 in the pores of the sintering Al2O3 matrix. The tribological
property of resulted composite was tested against Si3N4 ball in a vacuum environ-
ment (<5.0 � 10�5 mbar) at 5 N normal load. The COF of the composite (0.2) was
reduced significantly compared to sintered Al2O3 sample (0.75) as shown in
Fig. 7.6a. At the same time, three orders of magnitude reduced wear rate due to
the formation of MoS2 film at the interface. EDS on wear track of Al2O3-MoS2
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composite (Fig. 7.6c) showed the presence of Mo and S, which were not present on
the wear track of Al2O3 (Fig. 7.6a).

The combination of two lamellar SLs MoS2, BN on mechanical properties was
investigated by Deng et al. [41]. The composites were prepared using these lamellar
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solids (5, 10, and 15 vol%) in the Al2O3-TiC matrix (1:1 vol ratio) by hot pressing in
an argon atmosphere for 15 min at 1700 �C. For all the composites, hardness and
fracture toughness reduced with an increase in SL content. With 15 vol% of MoS2,
the hardness and fracture toughness were reduced by 2.1 and 1.73 times, respec-
tively, whereas 15 vol% of BN reduced the same by 8.7 and 2.6 times with respect to
the Al2O3-TiC matrix. These results support that the addition of SLs cause a
reduction in mechanical properties. However, a hard phase such as TiC or SiC can
be added in the alumina matrix to compensate for the loss in mechanical properties.

7.4 Other Compounds

In this section, other SL compounds such as sulfates and oxides are included. The
most common SL sulfates are BaSO4. Murkami et al. [42] studied the Al2O3

reinforced with BaSO4 SL. The Al2O3-50% BaSO4 composites were prepared by

Fig. 7.6 (a) Friction and wear rate of Al2O3-MoS2 composite, (b) and (c) are wear track of Al2O3

and Al2O3-MoS2 composite, respectively [40]
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spark plasma sintering. The tribological tests against Al2O3 ball were conducted at
up to 800 �C. The composite was able to retain a COF between 0.2 and 0.4 over the
temperature range. The lower friction was due to the formation of BaSO4 film at the
interface. An extension to this study, the same research group investigated the
tribological performance of Al2O3-50BaSO4-20Ag, Al2O3-50BaSO4-10SiO2,
Al2O3-50SrSO4, and Al2O3-50PbSO4-5SiO2. Among all the composites, Al2O3-
50BaSO4-20Ag showed the least COF. At the temperature range of 400–800 �C,
the COF for Al2O3-50BaSO4-20Ag was 0.2, as shown in Fig. 7.7. The micrographs
of wear tracks are shown in Fig. 7.8. Ag tribo film was observed on the wear track of
the samples tested at 400 �C and above that reduced the COF to 0.2. The authors also
stated that the BaSO4 has a barite-type structure that can be cleaved along (0 0 1),
which results in lower COF. Also, the BaSO4 becomes ductile above 400 �C that can
further enhance the self-lubrication behavior.

The effect of different oxides on the tribological behavior of alumina compos-
ites was investigated by Kerkwijk et al. [44]. The different alumina composites
with 5 wt% of MgO, CuO, MnO2, and B2O3 reinforcement were synthesized by
isostatic pressing at 400 MPa. The green pellets after isostatic pressing was
sintered at 1500 �C for 2 h. The sliding tests were conducted against alumina
ball at room temperature with a 10 N normal load. The composites with MnO2,
MgO, and B2O3 showed mean COF values of 0.48, which is lower than the other
composites and pure alumina (0.55). For the composites with CuO and ZnO,
the observed COF are 0.65 and 0.49, respectively. The addition of oxides other
than CuO resulted in lowering the friction of alumina from 0.55 to ~0.48. These
ceramic composites also showed low specific wear rates, in the range of 10�9 to
10�8 mm3/Nm.

Al2O3 is also used as a cutting tool where friction and wear are important
parameters for the tool’s performance and life. These tools can be reinforced with
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SLs, for example, Al2O3-TiB2 ceramic cutting tools were synthesized with different
TiB2 content (10–40 vol%) by hot pressing and tested through dry high-speed
machining on hardened steel while measuring friction, wear, and cutting speed
[8]. It was found that both wear and COF at the tool–chip interface were reduced
with increase in sliding speed and TiB2 content. The composite with 40 vol%
resulted in a COF of 0.2, which was ~42% lower than the composite with 10 vol%
TiB2. The cutting speed during the experiment was 200 m/min. Flank wear was also
reduced for Al2O3-40 vol% TiB2 and it was 30–40% lesser than the Al2O3-10 vol%
TiB2 composite. The observed lower COF and wear was due to the formation of a
self-lubricating oxide film (TiO2) at the tool–chip interface because of the tribolog-
ical chemical reaction at the elevated cutting temperature. The mechanism was
confirmed by carrying out the same cutting process in a nitrogen atmosphere
where no oxides were performed, and wear was significantly higher.

In addition to uniform reinforcement of SLs, laminated alumina composites have
been studied to improve mechanical properties along with tribological properties.
The laminated ceramic structure is inspired by structures available in nature, such as
shells, lignum, or teeth that show improved failure behavior in comparison with
monolithic ceramic material. Qi et al. [45] prepared the laminated structure of Al2O3/
Mo by powder metallurgy route by stacking the alternate layers of ball-milled
powders in a mold followed by hot pressing at 1550 �C and 25 MPa for 90 min in

Fig. 7.8 Wear track of
Al2O3-50BaSO4-20Ag at (a)
room temperature, (b) 200 �C,
(c, d) 400 �C, (e) 600 �C, and
(f) 800 �C [43]
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an inert atmosphere of Ar. The SEMmicrograph of Al2O3/Mo-laminated composites
is shown in Fig. 7.9a. The laminated structure showed improved fracture toughness
of 9.14 MPa m1/2 compared with fracture toughness of monolithic alumina that is
5.69 MPa m1/2. The tribological performance of the structure was tested at 25 and
800 �C against the alumina pin at 70 N. The friction coefficient is shown in Fig. 7.9b.
At room temperature, the laminated structure showed the same friction as the
monolithic alumina. However, a drastic decrease in friction from 0.9–0.4 can be
observed at 800 �C for the laminated structure. The reduction in COF was due to the
formation of molybdenum oxides (MoO2 and MoO2.8) observed by XRD on the
wear track. The plastic deformation ability of molybdenum oxides provided the
laminated structure self-lubricating properties at high temperature.

A further change in design to improve the self-lubricity of the Al2O3-Mo-lami-
nated structure was carried out by Zhang et al. [46], where laser surface texture was
created on the laminated structure as shown in Fig. 7.10a. The SLs materials, MoS2
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and CaF2–BaF2, were burnished on the textured surface. The tribological perfor-
mance of the prepared structure was tested against alumina pin from room temper-
ature to 800 �C. The observed COF trends are shown in Fig. 7.10b. Figure 7.10b
shows that the composite structure containing MoS2 had lower friction coefficient of
0.1–0.2 from room temperature to 200 �C. Whereas, the composite with CaF2-BaF2
had higher friction at room temperature. At 600 �C, composite with MoS2 showed
higher friction compared to the composite with combination of MoS2 and CaF2-
BaF2. It suggests that MoS2 reduces friction at lower temperatures, whereas CaF2-
BaF2 helps to maintain lower friction at the higher temperature range. Therefore, the
combination of these SLs is preferable. The lower friction is due to the transfer film
of MoS2 and in situ formed oxides. The formation of MoO2 is explained in the
previous paragraph. The MoO2 was also reacted with CaF2-BaF2 to form CaMoO4

and BaMoO4 during sliding at the higher temperature and improve high-temperature
lubrication.

Fig. 7.10 (a) Schematic of fabricating Al2O3/Mo-laminated composite with laser texturing + SLs,
and (b) COF of the laminated structure with burnished SLs at different temperatures [46]
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7.5 Conclusions

In this chapter, SLs have been characterized based on their nature, such as soft
material, which is easy to deform that can reduce friction at the interface. The SLs are
discussed mainly for the alumina matrix for room temperature and high-temperature
applications. It has also shown that the combination of SLs from different categories
have been effective at different temperature range, such as CaF2 is mainly suitable
for high-temperature application whereas graphite and MoS2 work well even at room
temperature in the alumina matrix.

Self-lubrication nature of the alumina composites is governed by the formation of
continuous tribo-layer at the interface that minimizes the contact between counter
bodies and reduces friction. However, the addition of SLs in alumina is decided by
two factors: (i) excessive amount can cause nonuniform dispersion and (ii) excessive
amount can increase wear drastically. The nonuniform dispersion of SLs can be taken
care of by suitable synthesis techniques or prior colloidal mixing. However, the severe
wear can be controlled by optimizing the amount of SLs based on the application
parameters, such as load, velocity, roughness, and properties of the counterpart.

Other than conventional reinforced alumina composites, laminated structures of
alumina have also been developed with Mo, where the formation of MoO2 provided
lower friction. Further enhancement on this laminated structure has been carried out by
the formation of small grooves using laser treatment. These grooves acted as a sink for
SLs materials for the continuous formation of tribo-layer. Overall, it has been seen that
alumina is compatiblewith all the SLswithout the formation of any unwanted chemical
compound. The inherent properties of alumina combinedwith SLsmake the composite
suitable for tribological applications at extreme environments.

Funding The authors appreciate the funding fromNASACAN, grant numberNV-80NSSC20M0221.
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